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Abstract
A multi-residue method for the determination of 142 pesticide residues in fruits and vegetables has been developed using a new atmospheric pressure chemical ionization (APCI) source for coupling gas chromatography (GC) to tandem mass spectrometry (MS). Selected reaction monitoring (SRM) mode has been applied, acquiring three transitions for each compound. In contrast to the extensive fragmentation typically obtained in classical electron ionization (EI), the soft APCI ionization allowed the selection of highly abundant protonated molecules ([M+H]+) as precursor ions for most compounds. This was favorable for both sensitivity and selectivity. Validation of the method was performed in which both quantitative and qualitative parameters were assessed using orange, tomato and carrot samples spiked at two levels, 0.01 and 0.1 mg/kg. The QuEChERS method was used for sample preparation, followed by a 10-fold dilution of the final acetonitrile extract with a mixture of hexane and acetone. Recovery and precision were satisfactory in the three matrices, at both concentration levels. Very low limits of detection (down 0.01 μg/kg for the most sensitive compounds) were achieved. Ion ratios were consistent and identification according to EU criteria was possible in 80% (0.01 mg/kg) to 96% (0.1 mg/kg) of the pesticide/matrix combinations. The method was applied to the analysis of various fruits and vegetables from the Mediterranean region of Spain. 
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1. Introduction
The control of pesticide residues in food commodities is a requirement to verify compliance with regulatory limits set by the European Commission (EC 396/2005) to ensure good agricultural practice and food safety. Sensitive and robust analytical techniques are required that preferably cover various pesticide chemical classes with different physicochemical properties. A common analytical approach is to combine generic sample preparation techniques, with inherently low selectivity, with highly selective instrumental analysis.
The QuEChERS (Quick, Easy, Cheap, Effective, Rugged and Safe) procedure is a popular generic sample preparation method for the extraction of pesticides from fruits and vegetables. It involves a rapid extraction using acetonitrile (MeCN) and a cleanup step based on dispersive-SPE (d-SPE) using a primary secondary amine (PSA) sorbent and anhydrous MgSO4 to remove water [1] and [2]. Numerous applications have been successfully validated for a large number of pesticides in a variety of complex matrices [3], [4] and [5].
For a major part of the pesticides, liquid chromatography combined with mass spectrometry is considered as the method of choice [6]. However, many pesticides are also amenable to gas chromatography (GC) coupled to mass spectrometry (MS) which makes it a valuable complementary technique, especially because it is the only option for certain pesticide classes and therefore has to be used anyway. Several quantitative applications have been described in literature using GC–MS with a single quadrupole analyzer operating in selected ion monitoring (SIM) [7], [8] and [9], especially for multi-residue analysis with a limited number of compounds. However, the determination of a larger number of analytes usually requires more selective techniques, as tandem mass spectrometry (MS/MS). The use of triple quadrupole (QqQ) working under selected reaction monitoring (SRM) improves selectivity, as well as sensitivity [10], [11], [12], [13] and [14].
In GC–MS/MS, electron ionization (EI) is by far the most widely used ionization technique because of its capability of ionizing virtually any organic compound. A rather strong fragmentation is inherent to EI. This is a disadvantage in GC–MS/MS because in many cases fragments have to be used as precursor ions which are then further fragmented to smaller product ions. This compromises both sensitivity and selectivity compared to LC–MS/MS where quasi molecular ions are obtained during ionization. Softer ionization modes such as chemical ionization (PCI, NCI) and supersonic molecular beam (cold EI) [15] are available for GC but these options have restrictions with respect to applicability and commercial availability, respectively. Atmospheric pressure chemical ionization (APCI), commonly used in LC–MS/MS, has been described as an alternative source for GC–MS and a way to couple GC to mass spectrometers initially developed for LC–MS [16] and [17]. Application studies including pharmaceutical development [18], profiling of phenolic compounds in oil [19], metabolic profiling [20] and pesticide residue analysis [21], most of them using GC–(APCI) TOF MS, can be found since 2009. Recently, we investigated the potential of APCI in GC–triple quadrupole MS for wide-scope pesticide residue analysis [22] and [23]. Compared to EI, little or no fragmentation occurs while compared to PCI/NCI the applicability to different classes of compounds was much wider. Besides the selectivity advantage arising from the ability to use the quasi-molecular ion as precursor ion, the sensitivity was also found to be substantially improved. This was partly due to the use of high-end MS/MS detectors normally used for LC–MS/MS (in fact, by changing the source, the same MS/MS could be coupled to either LC or GC).




Pesticide standards were purchased from Dr. Ehrenstorfer (Augsburg, Germany). Stock standard solutions (around 500 μg/mL) were prepared by dissolving reference standards in acetone and stored in a freezer at −20 °C. Working standard mixtures were prepared by volume dilution of stock solutions in hexane for preparation of matrix-matched calibrants and in acetone for sample fortification.
Hexane, acetone, acetonitrile (MeCN), toluene, glacial acetic acid (HAc), anhydrous MgSO4 and anhydrous sodium acetate (NaAc) were purchased from Scharlab (Barcelona, Spain). Solvents used were of pesticide residue analysis or HPLC grade. Two types of 2 mL micro-centrifuge tubes for QuEChERS d-SPE containing 50 mg PSA and 150 mg anhydrous MgSO4, or 50 mg PSA, 150 mg anhydrous MgSO4 and 50 mg C18, were obtained from Teknokroma (Barcelona, Spain).
2.2. Sample material
Three types of sample matrices were used in the validation study: orange, tomato and carrot. Blank samples, used for the matrix-matched calibration, sample fortification and quality control, were obtained from organic cultivars (pesticide free).
Three different varieties from each food commodity were analyzed to investigate the presence of pesticides, all of them purchased from local markets in the Castellón province (Spain).
Apple, lettuce and courgette samples, also purchased from local markets, were analyzed to extend the method applicability.
2.3. Instrumentation
Data were acquired using a GC system (Agilent 7890A, Palo Alto, CA, USA) equipped with an autosampler (Agilent 7693) and coupled to a triple quadrupole (QqQ) mass spectrometer (Xevo TQ-S, Waters Corporation, Manchester, UK), operating in APCI mode. A fused silica DB-5MS capillary column (length 30 m × I.D. 0.25 mm × film 0.25 μm) (J&W Scientific, Folson, CA, USA) was used for GC separation. The injector was operated in splitless mode, injecting 1 μL at 280 °C. The oven temperature was programmed as follows: 70 °C (1 min), 15 °C/min to 150 °C and 10 °C/min to 300 °C (3 min). Helium was used as carrier gas in constant flow mode (2 mL/min). A pulsed splitless injection was carried out using an initial pressure of 240 kPa, maintained for 1 min, and then changed to a constant flow of 2 mL/min, which corresponded to a linear velocity of 52 cm/s. In the SRM method, automatic dwell time (values ranging from 3 to 63 ms) was applied in order to obtain 15 points per peak.
The interface temperature was set to 310 °C using N2 as auxiliary gas at 250 L/h, a make-up gas at 300 mL/min and cone gas at 170 L/h. The APCI corona discharge pin was operated at 1.8 μA. The water used as modifier when working under proton-transfer conditions was placed in an uncapped vial, which was located within a holder placed in the source door.
Targetlynx (a module of MassLynx) was used to handle and process the acquired data.
2.4. Sample treatment
The QuEChERS procedure applied was that proposed in the AOAC official method 2007.01 [2]: 15 g of sample (previously homogenized in a food chopper) were weighted in a 50 mL polypropylene centrifuge tube, mixed with 15 mL MeCN (with 1% HAc) and shaken by hand for 30 s. Then, 6 g anhydrous MgSO4 and 1.5 g anhydrous NaAc were added and immediately shaken vigorously by hand to prevent formation of MgSO4 agglomerates. Then, the tube was centrifuged at 3000 rpm for 2 min.
For the cleanup step, 1 mL of the upper MeCN extract was transferred into a d-SPE tube containing 150 mg MgSO4 and 50 mg PSA (or 150 mg MgSO4, 50 mg PSA and 50 mg C18 when oranges were extracted). The tubes were shaken on a Vortex for 30 s and centrifuged at 3000 rpm for 2 min. Finally, 50 μL of the extract (acetonitrile) were transferred into a 2 mL vial and diluted with 300 μL of hexane and 150 μL of acetone.
Matrix-matched standards were prepared for each sample matrix as follows: after the cleanup step, 50 μL of the MeCN extract obtained from a blank sample were mixed with 250 μL of hexane, 150 μL of acetone, and 50 μL of the pesticide standard solution in hexane at adequate concentration to obtain a calibration range of 0.1–100 ng/mL (corresponding to 1–1000 μg/kg in sample).
2.5. Validation study
The developed SRM method was validated using orange, carrot and tomato in order to evaluate linearity, recovery, precision, selectivity and LODs and LOQs.
Linearity was studied by injecting standards in hexane (n = 3) at eight concentration levels, 0.1, 0.5, 1, 5, 10, 25, 50 and 100 ng/mL, and was considered acceptable when regression coefficients were higher than 0.99 and residuals lower than 30%.
Accuracy was estimated from recovery experiments, by analyzing six replicates spiked at two levels (0.01 and 0.1 mg/kg). Precision was expressed as repeatability in terms of relative standard deviation (RSD, %) (n = 6) calculated for each fortification level.
The LOQ was defined as the lowest concentration level validated with satisfactory values of recovery (70–110%) and precision (RSD < 20%) [24].
The LOD, defined as the concentration corresponding to a signal-to-noise ratio of three, was estimated from the chromatogram of the matrix-matched standards at the lowest calibration level used for each compound.
The selectivity of the method was evaluated by verification of the absence of interfering peaks at the retention time of each compound in blank samples for the acquired MS/MS transitions.
The ratio of each of the two qualifier ions relative to the quantifier (calculated by dividing the lower by the higher response) were used to verify compliance with EU criteria [24] of the pesticides in the spiked samples and to confirm peak identity in real samples.

3. Results and discussion
3.1. GC–(APCI) MS/MS optimization
Optimization of the MS/MS conditions started by using pesticide standard solutions in hexane with the mass spectrometer operating in full scan mode to obtain the MS spectra. Experiments under N2 and proton transfer conditions (using water as modifier) were performed. The proton transfer mechanism revealed a notable tendency for the majority of the studied pesticides to be protonated, since the [M+H]+ was present for most compounds and frequently as the peak base of the spectrum, with very low fragmentation. Thus the use of water as modifier was considered for further experiments.
The cone voltage was studied in the range 5–40 V for all compounds and those values which result in higher sensitivity were selected for each pesticide (Table 1). The helium flow rate was set at a relatively high flow rate of 2 mL/min since this was found to be beneficial for peak shape and analysis speed in an earlier work [23] using a GC–(APCI) MS system.
To continue with MS/MS optimization, the base peak of the spectrum for each compound ([M+H]+ in most cases) was selected as precursor ion (in some cases, two different precursor ions were chosen). The main goal was to develop a SRM method with three MS/MS transitions (the most sensitive ones) in order to carry out a reliable quantification and identification of the pesticides detected in samples. The fragmentation pattern of the precursor ions was studied through product ion scan experiments at different collision energies (10, 20 and 30 eV) and again the most sensitive transitions were selected for the final SRM method. Table 1 shows the SRM transitions corresponding to both quantifier and the qualifier transitions monitored.































3.2. Sample treatment optimization
With the QuEChERS sample preparation procedure, the final extract obtained is acetonitrile. The direct injection of the acetonitrile extract was considered less favorable. A (partial) solvent venting using a programmable temperature vaporizer injector could not be done with the GC system used, therefore a solvent exchange step was applied. Initially, in order to avoid evaporation until dryness, 1 mL of toluene was added to the 500 μL of the acetonitrile extract; evaporation until 300 μL using nitrogen stream was performed and then adjusted to 500 μL with toluene. In this way, no losses during the evaporation process were observed. However, the injection of the toluene extracts resulted in a dramatic loss of repeatability. Therefore, a solvent exchange into hexane was tested. In this case evaporation until dryness was unavoidable and the evaporation conditions had to be carefully optimized in order to avoid analyte losses. An evaporation system operating under vacuum was used, which allows a more controlled evaporation and at lower temperature compared with evaporation under nitrogen stream (miVac Modulator Concentrator, provided by Fisher Scientific S.A.S., Illkirch, France). The evaporation was carried out at 30 °C during approximately 30 minutes. However, no satisfactory results were obtained since some notable losses were observed in some analytes with low interday reproducibility.
Then, with the high sensitivity achieved in this GC–(APCI) MS/MS system in mind, the possibility of the direct dilution of the extract with hexane was considered. Standards in acetonitrile at 10 ng/mL were diluted with hexane (1/10), adding 20% of acetone to make the solution miscible. It is noteworthy that, in a multi-residue method that includes a large variety of compounds as in this work, the response of the most sensitive compounds are 1000 times higher than those ones with lower sensitivity. Consequently, dilution experiment led to a loss of some analytes that did not show enough sensitivity to be detected. A dilution of 1/5 with hexane (with 20% of acetone) was also tested but no considerable improvements with respect to the dilution 1/10 were observed for the less sensitive compounds, so this 1/10 dilution (with 20% of acetone) was selected for further experiments.
Then, experiments were performed by diluting acetonitrile sample extracts fortified at 10 ng/mL (dilution 1/10 with hexane) and it revealed a significant improvement in peak shapes and sensitivity. In presence of matrix, a higher amount of acetone had to be added (30%) in order to keep the solution miscible. In conclusion, 50 μL of acetonitrile extract was mixed with 150 μL of acetone and 300 μL of hexane.
3.3. Matrix effect
Matrix effects for all matrices were checked comparing responses of standards in the mixture acetonitrile, hexane and acetone (in the proportions described above), at 10 ng/mL, with the response of matrix-matched standards (prepared as described in the section “Sample treatment”), at the same concentration. An enhancement of the signal was observed for most compounds except in a few cases such as pyrethroids where a slight suppression occurred, which was in agreement with earlier observations [22]. Matrix effects observed under GC–(APCI) MS are the result of that occurring in the GC inlet (normally enhancement) and in the APCI source (normally suppression). The signal enhancement observed for most compounds can be attributed to that occurring in the GC liner. The matrix shields active sites in the liner and column, which reduces interaction of the analytes on these sites, and leads to enhanced analyte peaks. This effect is most pronounced for polar analytes (typically those with strong hydrogen bonding potential) [25]. Looking at those compounds for which this enhancement is not expected (e.g. hexachlorobenzene, HCHs, etc.), no suppression coming from the APCI source is observed. Thus, it can be concluded that matrix effect observed in GC–(APCI) MS system are mainly arising from the GC inlet and to a lesser extend to suppression from APCI source. For optimum peak shape and sensitivity, as in any GC-based pesticide residue analysis, matrix-matched calibration curves were necessary to perform accurate quantitative analysis. 
3.4. Validation results
Validation of the method was performed in terms of trueness (recovery) and precision, LODs and LOQs, and selectivity. These parameters were evaluated in three types of matrices, orange, tomato and carrot.
Linearity was studied in the range 0.1–100 ng/mL using pure solvent standard solutions and adjusted to quadratic curves. Each concentration level was injected in triplicate. The regression coefficients were higher than 0.99 for all compounds over the whole range tested. As mentioned above, matrix-matched calibration was used for quantification purposes. In this case, in order to quantify properly, shorter ranges were selected depending on the concentration level to be quantified. In this way, residuals were better and lower than 30%.







Fig. 1. Histograms obtained from the recovery experiments of the three sample matrices fortified at (a) 0.01 mg/kg and (b) 0.1 mg/kg.


Fig. 2. Histograms obtained from the RSD values of the three sample matrices fortified at (a) 0.01 mg/kg and (b) 0.1 mg/kg.
Low LODs were obtained for all compounds since most of them ranged between 0.01 and 1 μg/kg in the three matrices (see Fig. 3). Only few values were higher than 1 μg/kg. Fig. 4 shows four examples (selected from different LOD ranges showed in Fig. 3) for which signal-to-noise ratios were calculated from the lowest matrix-matched standard in orange samples and where LODs can be estimated by extrapolation. 


Fig. 3. Histograms obtained from the LOD values of the three sample matrices.

Fig. 4. GC–(APCI) MS/MS chromatogram of four pesticides from the lowest matrix-matched standard (0.1–0.5 ng/mL, corresponding to 0.1–0.5 pg on column) in orange samples. S/N:PtP: peak-to-peak signal-to-noise ratio.
The selectivity, as evaluated for each of the three specific SRM transitions measured, was satisfactory. GC–MS/MS chromatograms did not show interfering peaks at the analyte retention time for any of the pesticides investigated in this work.
3.5. Qualitative aspects: consistency of ion ratios and identification
With respect to the identification of pesticides in samples, criteria have been set for the ratio of the response obtained for the transitions measured [24]. Depending on the relative abundance of the two transitions, the ion ratio should be within 20–50% of the reference value. This aspect was evaluated in the validation for all pesticides, in each of the three matrices, at the two concentration levels. For each pesticide, two ion ratios were calculated: the first qualifier/quantifier (q1/Q) and the second qualifier/quantifier (q2/Q). The average ion ratio obtained for up to eight matrix-matched standards in the range of 0.1–100 ng/mL was used as reference ion ratio (values are included in Table 3). For the calculation of the average, signals with poor S/N and saturated signals were excluded. In general, the ion ratios for the different concentrations of the standards were very consistent (RSD <10% in most cases), even when the ion ratio was very unfavorable (<0.10).




3.6. Application to real samples
In order to test the applicability of the developed method, three types of orange, tomato and carrot samples collected from local markets were analyzed. Moreover, the method was expanded for the analysis of three types of apple, lettuce and courgette, including a matrix-matched calibration for each sample matrix and a quality control at 0.05 mg/kg.
A total of 43 different pesticides were identified in the analyzed samples, most of them at levels well below 0.01 mg/kg and all under their corresponding MRLs. An overview of the detected pesticides is shown in Table 4. 











Table 5. Concentrations of pesticides above the LOQ (mg/kg) detected in analyzed samples.

As regards identification, all detected pesticides were identified by the use of three transitions and the compliance of at least one q/Q ratio. Identification was problematic at low levels in a few compounds due to unfavorable q/Q ratios.





Fig. 5. GC–(APCI) MS/MS chromatograms for pesticides detected in apple, tomato and lettuce. (Q) quantification transition; (q) qualifier transition; (St) standard; (S) sample.
4. CONCLUSIONS
A multi-residue method for the determination of pesticide residues in fruit and vegetables was developed with satisfactory results using an innovative system based on an APCI source coupled to GC–(QqQ) MS/MS. The soft ionization allowed the use of the quasi-molecular ion as precursor in most cases contributing to an excellent selectivity and sensitivity. The high sensitivity (LODs of 1–100 fg on-column for most compounds) allowed dilution of QuEChERS extract by a factor of 10, without compromising method detection limits for most of the pesticides studied. The method was successfully validated for the simultaneous quantification and identification of 142 pesticides (three transitions each) in orange, tomato and carrot matrices at 0.01 and 0.1 mg/kg. This demonstrates the suitability of GC–(APCI) MS/MS for quantitative routine residue analysis. Analysis of fruit and vegetable samples allowed identifying and quantifying several pesticides like folpet, captan, bifenthrin, chlorpyrifos, iprodione and chlorothalonil. In all cases, the concentration levels were below the MRLs set by the EU.
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